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Quantum correlations in observables of multiple systems not only are of fundamental interest, but also play a
key role in quantum information processing. As a signature of these correlations, the violation of Bell inequal-
ities has not been demonstrated with multipartite hybrid entanglement involving both continuous and discrete
variables. Here we create a five-partite entangled state with three superconducting transmon qubits and two pho-
tonic qubits, each encoded in the mesoscopic field of a microwave cavity. We reveal the quantum correlations
among these distinct elements by joint Wigner tomography of the two cavity fields conditional on the detection
of the qubits and by test of a five-partite Bell inequality. The measured Bell signal is 8.381± 0.038, surpass-
ing the bound of 8 for a four-partite entanglement imposed by quantum correlations by 10 standard deviations,
demonstrating the genuine five-partite entanglement in a hybrid quantum system.
The ability of controllably entangling multiple quantum
systems and individually detecting their states is of impor-
tance both from the fundamental viewpoint and for practical
applications, e.g., quantum computation. Essentially, carrying
out a quantum algorithm is physically equivalent to preparing
and manipulating entanglement for many two-dimensional
systems (qubits) in a prescribed manner, and then reading
out their states [1, 2]. Among various kinds of multipartite
entangled states, the Greenber-Horne-Zeilinger (GHZ) states
represent a typical example [3]. These states are formed by
two maximally distinct joint quantum states of three or more
qubits, whose properties can exhibit strong quantum correla-
tions that exclude any local realistic description of nature in
an all-or-nothing manner [3] or by violation of multipartite
Bell inequalities [4–6]. The ratio of the Bell’s signal asso-
ciated with a GHZ state to the bound allowed by local real-
ism increases with the number of entangled qubits, indicating
the larger the entanglement the stronger the nonclassical ef-
fect [6]. Besides fundamental interest, such states are a key
resource for quantum-based technologies, including concate-
nated error correcting codes [7], quantum simulation [8, 9],
and Heisenberg-limited quantum metrology [10]. So far, GHZ
states have been demonstrated for 10 photons [11] and 14
trapped ions [12]; with these two systems, experimental vi-
olations of multipartite Bell inequalities have also been re-
ported [13–15].
Circuit quantum electrodynamics (cQED) systems, with
superconducting qubits coupled to resonators, are ideal for
complex entanglement manipulation and quantum informa-
tion processing [16–21]. Based on such systems, a variety
of entangled states have been produced, including multipho-
ton NOON states for two resonators [22, 23], two-mode cat
states for mesoscopic fields stored in two cavities [24], and
multiqubit GHZ states [25–27]. Using entangled states of two
superconducting qubits coupled to a resonator, violations of
the Clauser-Horne-Shimony-Holt version of the Bell inequal-
ity have been demonstrated [28–30]. Recently, this violation
was detected between two encoded cavity cat state qubits [24]
and between a superconducting transmon qubit and an en-
coded cavity cat state qubit [31]; in these experiments, the
Bell test was used to characterize two-partite entanglement
other than to vindicate quantum nonlocality due to the lack of
independent measurements of the two entangled constituents.
In this letter we experimentally produce GHZ states for
three superconducting transmon qubits and two encoded cav-
ity cat qubits in a three-dimensional cQED architecture [32].
The entanglement among the three transmon qubits and the
mesoscopic fields stored in the two cavities are generated by
using the qubit-state-dependent cavity phase shifts and cavity-
photon-number-dependent qubit rotations, enabled by the dis-
persive couplings between the cavities and the correspond-
ing transmon qubits. As far as we know, this represents the
largest hybrid entangled state reported so far; previously, hy-
brid entanglement was restricted to one discrete variable and
two continuous variables [24]. We characterize the multipar-
tite entanglement by measuring the joint Wigner functions for
the two cavity fields conditional on outcomes of joint qubit
detection and by testing the multipartite Bell inequality. We
measure a Bell signal of 8.381± 0.038, surpassing the maxi-
mum value of 8 allowed by quantum mechanics for a 4-partite
quantum system. The results demonstrate a good control
over complex three-dimensional cQED systems, which rep-
resent a promising platform for fault-tolerant quantum com-
putation [33, 34].
Our experiment is performed with a cQED architecture in-
volving three superconducting transmon qubits, two storage
cavities serving for storing photonic fields, and three readout
cavities, each of which is dispersively coupled to one qubit
for measuring the qubit state, as sketched in Fig. 1(a). The
detailed device geometry can be found in Ref. [35] and the
system parameters are listed in Supplementary Materials [36].
As the readout cavities remain in the vacuum state and do not
affect the quantum state of the qubits and storage cavities dur-
ing the entanglement production, we can ignore the state of
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2each readout cavity and will refer the corresponding storage
cavity to as “cavity”. Qubit Q1 (Q2) is dispersively coupled
to cavity S1 (S2), while qubit Q3 is commonly coupled to both
cavities. In the interaction picture, the Hamiltonian for the
total system is
HI = −a†1a1 (χ11 |e〉1 〈e|+χ13 |e〉3 〈e|)
−a†2a2 (χ22 |e〉2 〈e|+χ23 |e〉3 〈e|) , (1)
where a†j and a j are the creation and annihilation operators
of the photonic field in cavity S j ( j = 1,2), |e〉k denotes the
excited state of qubit k (k = 1,2,3), and χ jk is the frequency
shift of cavity S j conditional on the qubit state |e〉k due to the
dispersive coupling.
Based on the above Hamiltonian [Eq. (1)] and the condi-
tional operations, we can generate a hybrid entangled state as
in Fig. 1(b). Figure 1(c) shows the pulse sequence for the cre-
ation and the following characterization of this state. The ex-
periment starts with initializing each qubit to the ground state
|g〉 and each cavity to vacuum state |0〉. After this initializa-
tion, we apply a microwave pulse to each cavity to produce a
displacement operation D j(α j) in phase space, translating the
cavity from the vacuum state |0〉 j to a coherent state
∣∣α j〉 j,
with α j being the complex amplitude of the phase-space dis-
placement. The subsequent rotation Rpi/2y (a pi/2 rotation
around the y-axis) on qubit Q3, achieved by the application
of a driving pulse, transforming |g〉3 to (|g〉3 + |e〉3)/
√
2. Af-
ter an interaction time τ , the dispersive interaction of qubit Q3
with each cavity leads to a conditional phase shift [24, 31, 37–
39], evolving the system to the state
|g〉1 |g〉2
(|g〉3 |α1〉1 |α2〉2 + |e〉3 ∣∣α1eiφ1〉1 ∣∣α2eiφ2〉2)/√2, (2)
where φ j = χ j3τ . A second displacement operation, D1(α3 =
−α1), is then applied to cavity S1, and D2(α4 = −α2eiφ2) to
cavity S2, resulting in the state
1√
2
|g〉1 |g〉2
(
e−i|α2|
2 sinφ2 |g〉3 |0〉1
∣∣α2−α2eiφ2〉2
+ ei|α1|
2 sinφ1 |e〉3
∣∣α1eiφ1 −α1〉1 |0〉2) . (3)
After this operation, we perform a pi rotation to each qubit
conditional on the vacuum state of the corresponding cav-
ity [22, 37, 39], realized by a pulse resonant with the qubit
transition associated with the cavity’s vacuum state |0〉. The
conditional pi rotation on Q1, denoted as Rpin,θ ,0, is around an
axis with an adjustable angle θ relative to n-axis (reference
axis) which has an angle pi/2 + |α1|2 sinφ1 + |α2|2 sinφ2 to
the x-axis on the equatorial plane, while that on Q2 (Rpiy,0) is
around the y-axis. After these conditional rotations, the total
system evolves to(
|e〉1 |g〉2 |g〉3 |0〉1 |β2〉2 + e−iθ |g〉1 |e〉2 |e〉3 |β1〉1 |0〉2
)
/
√
2,(4)
where β1 =
(
α1eiφ1 −α1
)
eiχ13τ
′
and β2 = α2− α2eiφ2 , with
τ ′ being the duration of these conditional rotations. When
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FIG. 1: (Color online) Device sketch and pulse sequence. (a) De-
vice sketch. The device involves three superconducting transmon
qubits, labelled from Q1 to Q3, with Q1 (Q2) dispersively coupled to
the first (second) storage cavity, denoted as S1 (S2), and Q3 coupled
to both storage cavities. Each qubit is independently coupled to a
readout cavity. The storage cavities are used for storing the photonic
fields, while the readout cavities for detecting the qubit states. (b)
Schematic of hybrid entanglement containing three discrete variables
and two continuous variables. (c) Experimental pulse sequence to
create and characterize the entangled state in (b). The procedure con-
sists of three parts. 1) Generation of the multipartite entangled state
for the three transmon qubits and the two storage cavities, realized by
a sequence of operations, including initialization of the system to the
ground state, a pair of phase-space displacements D1(α1 = 1.782)
and D2(α2 = 1.782) on the two cavity fields, rotation R
pi/2
y of Q3,
Q3-state-dependent cavity phase shifts, a second pair of cavities dis-
placements D1(α3) and D2(α4), and pi rotations Rpin,θ ,0 and R
pi
y,0 to
Q1 and Q2 conditional on the vacuum states of S1 and S2, respec-
tively. The angle (θ ) between the rotation axis of Rpin,θ ,0 and n-axis is
variable. 2) Measurement of the qubit observables with the appropri-
ate pi/2 pre-rotations around the m-axis on the equatorial plane Rpi/2m j
before the state readout in the basis {∣∣g j〉 , ∣∣e j〉}. Rpi/2m j = Rpi/2−y for
the joint Wigner measurement and Rpi/2m j = R
pi/2
−y or R
pi/2
±x for the Bell
signal measurement. 3) Displaced photon-number parity detection
for each cavity, realized by performing a phase-space displacement
D j(−γ j) and then sandwiching a conditional cavity pi-phase shift be-
tween two qubit rotations Rpi/2y on the corresponding qubit. D j(−γ j)
is used for conditional Wigner tomography and for σx measurement
of the corresponding cavity cat state qubit. For σy measurement of
each cavity, the displacement D j(−γ j) is replaced by the combina-
tion of two perpendicular displacements (see the main text).
∣∣β j∣∣2  1, ∣∣β j〉 j and |0〉 j are approximately orthogonal and
can be considered as the two logic states of a qubit. With
this encoding, the state of Eq. (4) represents a 5-partite
GHZ state involving three transmon qubits and two cavity
cat state qubits. In our experiment, β1 = −2.7− 0.2i and
β2 = 0.8 + 2.3i, corresponding to |1 〈β1| 0〉1|2 ' 6.6× 10−4
and |2 〈β2| 0〉2|2 ' 2.5×10−3.
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FIG. 2: (Color online) Conditional two-mode Wigner tomography
for S1 and S2 after generation of the GHZ state of Eq. (4) with
θ = 0. Two-dimensional plane-cuts along the Re(γ1)-Re(γ2) axes
and Im(γ1)-Im(γ2) axes are shown in the left and right panels, respec-
tively. We displace each mode with −β1/2 and −β2/2 respectively
so that the center of fringes is the origin. (a) Cuts of the measured
conditional Wigner function, W1(γ1,γ2), defined as the joint Wigner
functions for the two cavity fields conditional on X1X2X3 = 1. (b)
The expected W1(γ1,γ2), calculated from the ideal state of Eq. (4)
with β1 = −2.7− 0.2i and β2 = 0.8 + 2.3i. (c) Cuts of the mea-
sured W−1(γ1,γ2) conditional on X1X2X3 = −1. (d) The expected
W−1(γ1,γ2), also calculated from the ideal state as (a).
To verify the entanglement among the transmon qubits and
the cavity fields after the GHZ state generation, we mea-
sure the conditional two-mode Wigner functions W1(γ1,γ2)
and W−1(γ1,γ2) [see Fig. 1(c)], which are defined as the joint
Wigner functions for the two cavity fields conditional on
X1X2X3 = 1 and −1, respectively. Here X1X2X3 represents
the value of the observable σ1x σ2x σ3x , with σ
j
x being the x-
component of the Pauli operator associated with the j-th trans-
mon qubit. The observable σ kx is measured by performing the
rotation Rpi/2−y on the k-th qubit and then reading out its state in
the basis {|g〉k , |e〉k}; the outcomes |g〉k and |e〉k correspond
to Xk = 1 and −1, respectively. After the measurement of
X1 (X2), transmon qubit Q1 (Q2) is used to measure the dis-
placed photon-number parity of cavity S1 (S2), achieved by
sandwiching a conditional cavity pi-phase shift between two
qubit rotations Rpi/2y after the corresponding cavity displace-
ment [24, 31, 37–41]. The joint displaced photon-number par-
ity of two cavity fields is directly related with the two-mode
Wigner function as
W (γ1,γ2) =
4
pi2
〈
P1,γ1P2,γ2
〉
, (5)
where Pj,γ j = D j(γ j)PjD
†
j(γ j), with Pj denoting the photon-
number parity operator for cavity S j. The two-mode Wigner
function is a function in a four-dimensional space spanned by
{Re(γ1), Re(γ2), Im(γ1), Im(γ2)}. We measure W (γ1,γ2) for
both X1X2X3 = 1 and −1.
The two-dimensional plane-cuts of the measured condi-
tional Wigner functionW1(γ1,γ2) and the ideal results are dis-
played in Figs. 2(a) and 2(b) respectively, while those associ-
ated with W−1(γ1,γ2) are shown in Figs. 2(c) and 2(d). Here
the relative phase between the two components of the pro-
duced GHZ state is θ = 0. Cuts along the Re(γ1)-Re(γ2) axes
and Im(γ1)-Im(γ2) axes are shown in the left and right pan-
els, respectively. As expected, bothW1(γ1,γ2) andW−1(γ1,γ2)
exhibit strong two-mode quantum interference features, evi-
denced by the fringes on the Re(γ1)-Re(γ2) and Im(γ1)-Im(γ2)
planes [24, 42]. The complementarity between the interfer-
ence patterns of W1(γ1,γ2) and W−1(γ1,γ2) reveals the entan-
glement between the transmon qubits and the cavity fields.
The 5-partite entanglement can be further revealed by the
multipartite Bell inequality, proposed by Mermin [6]. For
clarity, we rewrite this state as
(|↑〉1 |↑〉2 |↑〉3 |↑〉4 |↑〉5 + |↓〉1 |↓〉2 |↓〉3 |↓〉4 |↓〉5)/
√
2, (6)
where |↑〉1 ≡ |e〉1 and |↓〉1 ≡ |g〉1; |↑〉k ≡ |g〉k and |↓〉 ≡ |e〉k
for k = 2, 3; |↑〉4 ≡ |0〉1 and |↓〉4 ≡ |β1〉1; |↑〉5 ≡ |β2〉2, |↓〉5
≡ |0〉2. The Bell operator for this hybrid system is defined as
B = σ1x σ
2
x σ
3
x σ
4
x σ
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x −∑
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σ1x σ
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x σ
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x σ
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y σ
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y
)
+∑
l
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(
σ1x σ
2
y σ
3
y σ
4
y σ
5
y
)
, (7)
where {Pl} denotes the set of all distinct permutations of the
subscripts that give distinct products. The measurement se-
quence is also shown in Fig. 1(c). As has been shown, for
k ≤ 3 the observables σ kx is measured by performing the rota-
tion Rpi/2−y before state readout of the corresponding qubit. σ1y
is measured by performing the rotation Rpi/2−x before the state
readout; for the measurement of σ2y and σ3y , R
pi/2
−x is replaced
by Rpi/2x . For each of these measurements, the value of 1 (−1)
is assigned to the corresponding observable when the outcome
is |g〉k (|e〉k). On the other hand, for k = 4 and 5, σ kx and σ ky
are measured by mapping them to displaced photon-number
parity observables of the j-th cavity with j = k − 3 [31]:
σ kx corresponds to D j(γ j)PjD
†
j(γ j) with D j(γ j) = D j(β j/2);
while σ ky is approximated by D j(γ j)PjD
†
j(γ j) with D j(γ j) =
D j(β j/2)D j(−iε jpi/4β j), where ε j =−1 and 1 for j = 1 and
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FIG. 3: (Color online) Bell signal measurement. (a) Measured ex-
pectation value of the Bell operator 〈B〉 as a function of the relative
phase (θ ) of the produced GHZ state. An oscillation is observed
as predicted. Experiment data are marked with red. Their standard
deviations are obtained from 10 repeated measurements when the
system is stable and are smaller than marker sizes. Simulated results
based on QuTiP in Python [43, 44] are shown as the blue curve. In
the simulation, we neglect the system decoherence in the GHZ state
generation and calculate the expectation value of the Bell operator of
Eq. (7) with thus obtained GHZ state. The maximum of the measured
Bell signals | 〈B〉 |= 8.381±0.038 not only exceeds the bound of 4
allowed by classical models (red region), but also above the bound
of 8 for a 4-partite entangled quantum system (light blue region),
demonstrating the genuine 5-partite entanglement in a hybrid sys-
tem. (b) Correlations combining the maximum of the measured Bell
signals in (a). Blue bars are experimental data and grey ones repre-
sent simulated results. Error bars are from repeated measurements.
The measured results are lower due to the imperfections in the ex-
periment (see the main text), but the overall distribution is consistent
with simulation.
2, respectively. The even and odd parities of the j-th cavity
after the corresponding displacement operation correspond to
the values 1 and −1 for X j+3 or Yj+3, respectively. The Bell
operator involves 16 terms. The experiment is repeated 10,000
times for the measurement of the correlation corresponding to
each term, which is obtained by averaging over all of the ex-
perimental outcomes. All the correlation values are combined
to obtain the corresponding Bell signal according to the ex-
pansion of Eq. (7).
An ideal 5-qubit GHZ state is the eigenstate of each term of
B with the eigenvalue 1, so that the ideal value of 〈B〉 is 16.
The measured expectation value of the Bell operator, 〈B〉, as
a function of the relative phase (θ ) of the produced GHZ state
is shown in Fig. 3(a). Due to the large Hilbert space spanned
by this 5-partite hybrid system, exact numerical simulations
are difficult. Hence, we simplify the simulation by neglecting
the system decoherence in the GHZ state generation and cal-
culating the expectation value of the Bell operator of Eq. (7)
with the simulated GHZ state. The simulated result is shown
as the solid line. The correlation associated with each term
of B at the maximum (θ = pi) is plotted in Fig. 3(b). Blue
bars are experimental data and grey ones correspond to the
simulated results.
The simulated correlations deviate from 1 and give the max-
imum value of Bell signal of only | 〈B〉 | = 12.29. This is
mainly due to the following two factors. The first one is the
Kerr effects which deform the coherent state components of
the cavities and cause an imperfection of the conditional qubit
rotations, but are not included in the Hamiltonian of Eq. (1).
The second one is the discrepancy between σy for the photonic
qubits and the corresponding displaced parity operators.
The measured values are even lower because of: 1) The
qubit decoherence and cavity photon losses during the state
generation and the following characterization; 2) the large
cavity field amplitudes that cause the parity measurement fol-
lowing the displacements D j(−γ j) to deviate from the ex-
pected cavity observables; 3) the readout errors of the qubit
states, to which the Bell signal is very sensitive. This is
due to the fact that once a qubit readout error occurs, the
sign of output value of the corresponding measured term is
changed. Nevertheless, the resulting measured Bell signal
is | 〈B〉 | = 8.381± 0.038 at the maximum, in good agree-
ment with expectation after considering the above imperfec-
tions (Supplementary Materials [36]). This value not only ex-
ceeds the bound of 4 allowed by classical models, but also is
above the bound of 8 for a 4-partite entangled quantum sys-
tem, demonstrating the genuine 5-partite entanglement in a
hybrid system.
We have experimentally demonstrated controlled entangle-
ment manipulation and characterization in a cQED quantum
processor involving three superconducting transmon qubits
and two cavities storing mesoscopic fields. We determinis-
tically entangled all these elements and verified their quantum
correlations by reconstructing the joint Wigner functions of
the two cavities conditional on the detection of the states of
the qubits. We further measure the 5-partite Bell signal of
8.381± 0.038, exceeding the maximum value of 8 for a 4-
partite entangled state by 10 standard deviations. Apart from
fundamental interest, our experiment serves as a demonstra-
tion of good control over a quantum circuit, which is impor-
tant for solid-state quantum computation. For larger systems
with qubit-cavity chain geometry, the multipartite GHZ states
can be prepared in a sequential way based on the same scheme
presented in this work.
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I. EXPERIMENTAL DEVICE AND
PARAMETERS
The experimental device consists of two coaxial cavi-
ties (S1, S2) as the storage cavities [1], dispersively cou-
pled to three superconducting transmon qubits (Q1, Q2,
Q3). The device is machined with high-purity aluminum
and wet etched for high surface quality. The three qubits
and their corresponding stripline readout cavities (R1,
R2, R3) [2] are fabricated separately on three sapphire
chips and assembled together with mechanical clamp-
ing. Quantum limited amplifiers [3, 4] are used for high-
fidelity single-shot readout of the qubits. We use two sep-
arate Josephson parametric amplifiers (JPA) for Q1 and
Q2, and a Josephson parametric converter (JPC) for Q3.
The detailed device geometry can be found in Ref. [5].
The measurement setup is shown in Fig. S1, similar to
that in Ref. [6]. We use three field programmable gate
arrays (FPGA) to control the three qubits. However, in
Ref. [6] only one storage cavity, one transmon qubit, and
one readout cavity are used.
Due to the nonlinearities of qubits, the self-Kerr effect
− 12χiia†ia†iaiai (i = 1, 2) of each storage cavity should
also be considered in the full system Hamiltonian for a
better control and optimization of the experiment. Here
a†i is the creation operator of the i-th storage cavity. We
list all the main parameters relevant to the experiment
in Tables S1 and S2.
II. ESTIMATION OF MEASURED BELL
SIGNAL VISIBILITY
Readout property is critical for the measurement of
Bell signal. To estimate the reduced visibility of Bell
signal due to imperfect detections, we first calibrate the
fidelities of the quantum non-demolition (QND) readouts
of the qubits and parity measurements of the cavities.
The experimental results are summarized in Tables S3
and S4.
A. Calibration of qubit readout fidelity
For each qubit readout, we calibrate the QND readout
fidelity (pgg, pee) and state distinguishability (pM ) sepa-
rately. The calibration results are presented in Table S3.
The QND readout fidelity pgg (pee) is the probability of
obtaining the same result of the ground state |g〉 (excited
state |e〉) provided the initial state is |g〉 (|e〉). These fi-
delities are mainly limited by qubit damping and thermal
effect. In experiment, we calibrate the individual QND
readout fidelity by preparing a superposition state of each
qubit followed by two consecutive readouts. The fidelity
pgg (pee) is extracted by post-selecting |g〉 (|e〉) state in
the first readout and counting the probability of getting
the same result in the second readout.
The qubit state distinguishability pM is related to the
separation of the two different readout results for |g〉 and
|e〉, and is determined by the signal-to-noise ratio of the
readout. All the readout histograms of the qubits have
been shown in Fig. S2. Each histogram is fitted with
two Gaussian functions with the same standard deviation
and an appropriate threshold in the middle is chosen to
digitize the readout signal to +1 and -1 for |g〉 and |e〉,
respectively. pM is then calculated as the proportion of
the Gaussian distribution that is correctly addressed by
the threshold. Since the threshold is nearly in the ex-
act middle of two separate Gaussian distributions, pM is
approximately equal for both |g〉 and |e〉.
B. Calibration of parity measurement fidelity
In the experiment, we use parity measurements after
certain displacements in the storage cavity to extract the
expectation values of the Pauli operators on the photonic
states. The parity measurement is achieved by sandwich-
ing a conditional cavity pi-phase shift between two R
pi/2
y
rotations (protocol 0−0). Due to the cross-Kerr between
the readout and storage cavities and the finite bandwidth
of the R
pi/2
y pulses, the large photon-number states in
our experiment can lead to systematic errors on the par-
ity measurement. To overcome this problem, we perform
another round of parity measurement, in which the rota-
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FIG. S1: Experimental setup. Detailed wiring diagram of the experimental setup.
Mode
Nonlinear terms: χij/2pi(MHz)
Q1 R1 S1 Q2 R2 S2 Q3 R3
Q1 252 2.0 1.6 0.005 — — 0.032 —
S1 1.6 — 0.005 — — 0.004 0.524 —
Q2 0.005 — — 207 2.1 2.67 0.067 —
S2 — — 0.004 2.67 — 0.016 1.494 —
Q3 0.032 — 0.524 0.067 — 1.494 151 1.54
TABLE S1: Measured nonlinear coupling terms including both cross Kerr and self-Kerr effects.
Mode Frequency (GHz) T1 (µs) T
∗
2 (µs)
Q1 6.036 35 17
R1 8.892 0.058 —
S1 6.594 600 500
Q2 5.170 20 12
R2 8.800 0.055 —
S2 6.050 700 290
Q3 5.560 20 25
R3 9.032 0.086 —
TABLE S2: Frequencies and coherence properties of
the device.
tion axis of the second pi/2 pulse R
pi/2
−y is changed to −y
(protocol 0−pi), and average the two parity measurement
results as the final detected parity [7].
To obtain the parity measurement fidelity, we prepare
a coherent state |α = 1.5〉 and then run six rounds of par-
ity measurements. The first five parity measurements are
with the proper and identical protocols, such that we can
post-select cases with the first five measurement results
all ending up with |g〉 and indicating the same parity as
the ideally even or odd parity state. The final 6-th par-
ity measurement results are to obtain the corresponding
parity measurement fidelities, which are summarized in
Table S4. It can be checked that 0-0 (0-pi) protocol has a
bit higher fidelity for odd (even) parity measurement as
expected because the qubit ends up with the |g〉 state.
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FIG. S2: Qubit readouts. (a-c) Readout results in the I−Q complex plane. (d-f) Histograms of the individual qubit readouts.
Qubit readout fidelity pgg pee pM
Q1 0.989 0.943 0.994
Q2 0.986 0.925 0.991
Q3 0.985 0.914 0.991
TABLE S3: Fidelities of the qubit readouts. pgg (pee)
is the probability of obtaining the same result of |g〉 (|e〉)
provided the initial state is |g〉 (|e〉). The lower value of pee
mainly comes from the qubit decoherence during the waiting
time to dissipate readout photons after projecting the qubit to
the initial |e〉 state and the following measurement time. pM
is the proportion that is correctly addressed by the threshold
in the readout histogram.
C. Estimation of measured Bell signal visibility
Here we estimate the reduced visibility of the Bell
signal. When we measure the expectation values of
the Pauli operators on the GHZ state, we have equal
probabilities of measuring |g〉 and |e〉 (even and odd)
states. Therefore, we simplify the QND readout fidelity
as pQND = (pgg + pee)/2. Similarly, the parity measure-
ment fidelity pS for each storage cavity can be repre-
sented as the average of the four values in Table S4. The
qubit readout fidelity pQ can be considered as a combina-
tion of pM and the qubit damping. Taking into account
the average damping effect at half of the readout time of
Tr = 600 ns, the qubit readout fidelity pQ can then be
S1 protocol even odd
0− pi 0.979 0.958
0− 0 0.963 0.973
S2 protocol even odd
0− pi 0.965 0.951
0− 0 0.953 0.976
TABLE S4: Fidelities of the parity measurements. The
numbers correspond to the probabilities of measuring even
(odd) parity provided the initial parity state is ideally even
(odd). The loss of fidelity mainly comes from the qubit deco-
herence between the two pi/2 rotations.
approximated as:
pQ = pM (1 + e
− Tr2T1 )/2. (1)
Here we consider the probabilities of two cases where
no error or only one error happens during the joint
Wigner and Bell measurement process [Fig. 1(c) in the
main text]. The probability of having no error can be
estimated as:
P0 = pQ3.pQND1.pQND2.pS1.pS2 = 0.845, (2)
where the numbers in subscripts represent the labelling
of the transmon qubit or the storage cavity. Similarly,
4the probability of having one error can be estimated as:
P1 =(1− pQ3).pQND1.pQND2.pS1.pS2
+ pQ3.(1− pQND1).pQND2.pS1.pS2
+ pQ3.pQND1.(1− pQND2).pS1.pS2
+ pQ3.pQND1.pQND2.(1− pS1).pS2
+ pQ3.pQND1.pQND2.pS1.(1− pS2)
=0.145.
(3)
Here one error on Q1 (Q2) means that an error occurs
after the first qubit measurement but before the following
parity measurement (a finite waiting time to dissipate the
readout photons), approximately corresponding to pQND1
(pQND2). Each of these errors leads to a sign flip of the
Bell signal. Neglecting higher-order errors, we can get
the visibility of the Bell signal:
V = P0 − P1 = 0.700. (4)
This reduced visibility agrees well with the experimen-
tal result (8.381/12.29 = 0.682) presented in the main
text and also indicates that the decoherence has little
effect on the Bell state generation because of the short
total generation time.
III. EXPERIMENTAL SEQUENCES AND
NUMERICAL OPTIMIZATION
Initialization. Before generating the Bell state, we
apply individual measurements on all three qubits, fol-
lowed by standard parity measurements on both stor-
age cavities. We ensure the initial system state is
|g〉1 |g〉2 |g〉3 |0〉1 |0〉2 by post-selecting the correct mea-
surement results. This step has been neglected in
Fig. 1(c) of the main text.
Correlation measurements. All the qubit and cavity
states have to be measured. This is done by first measur-
ing the qubit and then also using the known qubit state
to infer the following cavity parity measurement result.
Therefore, we record every measurement result of Q1 and
Q2. The parity measurement results are averaged over
two rounds with both 0 − 0 and 0 − pi protocols as ex-
plained above.
Cavity reset. In order to reduce experiment repeti-
tion time when performing Wigner tomography, we reset
the storage cavity by using a four-wave mixing technique
between the readout and the storage cavities [8], which
results in a fast leakage of photons in the storage cavity.
When measuring the Bell signal, however, we use the
standard natural cooling method with sufficient waiting
time for a better reset.
Larger GHZ states. The number of the entangled
items in the GHZ state can be easily increased in a se-
quential way as shown in Fig. S3. To entangle an extra
cavity that couples to the existed qubit, we first displace
(a) (b)
(c) (d)
Idling (    )D −
Rn,0
π
χqc
χqc
FIG. S3: Sequential preparation of larger GHZ states.
After preparing an entangled chain comprised of alternatively
distributed qubits and cavities, we can extend the entangled
chain in two cases. (a-b) Entangle an extra cavity to an ex-
isted qubit. (a) We first displace the new cavity to a coherent
state |α〉 with sufficiently large |α|. (b) Then a conditional
phase shift on the cavity through the χqc term (the dispersive
coupling between the qubit and the cavity) leads to different
coherent states depending on the qubit states and realizes the
entanglement. One component of cavity needs to be displaced
to the vacuum state if one wants to connect and entangle an-
other extra qubit to this cavity. (c-d) Entangle an extra qubit
to an existed cavity. (c) The initial two-fold state of the cav-
ity should contain a vacuum component and a coherent state
component. We apply the vacuum-dependent rotation Rpin,0
on the qubit to complete the entanglement. (d) Final state of
the system with an extra entangled qubit.
the new cavity to a coherent state |α〉 with sufficiently
large amplitude |α| and then perform a conditional phase
shift on the cavity through the dispersive coupling be-
tween the qubit and the new cavity. To entangle an extra
qubit that couples to the existed cavity, we can apply a
vacuum-dependent qubit rotation on the qubit to com-
plete the entanglement.
Numerical optimization. We determine the pulse pa-
rameters with the exact experimental sequence [Fig. 1(c)
of the main text] by a numerical optimization. The vari-
ables to be optimized are “α1 = α2 = real number” and
the duration τ of the conditional phase pulses on the
storage cavities. Our optimization target is to maximize
the expectation value of the Bell operator with respect to
the evolved final state. In the numerical simulation for
generating the GHZ state, we neglect the decoherence
effects because of the restriction of the large computa-
tional space. However, we include the self-Kerr effects
and the cross Kerr effect between the two storage cavi-
ties that are listed in Table S1 but not considered in the
theoretical part of the main text. Since the Kerr effects
during the single qubit and cavity operations deviate the
state from the ideal one, we take these Kerr effects into
consideration and apply corrections to the parameters
α3 and α4. In order to calculate the expectation value
51 2 3 4 5
| |
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B
FIG. S4: Bell signal vs the amplitude of the coherent
states. The blue curve is the expectation value of the Bell
operator for the ideal GHZ state in the form of Eq. (4) in
the main text with θ = 0 and β1 = β2 = β. The red curve
is the expectation value of σy operator on a single cavity in
the general superposition state |0〉 + i|β〉. We mark the ex-
perimental parameters |β1| = 2.58, |β2| = 2.71, as the two
reference vertical lines; the Bell signal 〈B〉 = 12.29 with a
filled circle, obtained based on the simulated GHZ state un-
der these parameters. The gap between the simulated Bell
signal (filled circle) and the value for the corresponding ideal
GHZ state (blue line) is mainly caused by the deformation
from Kerr effects in the GHZ state generation.
of the Bell operator, we extract the values of β1 and β2
from the simulated results of the qubit-state-dependent
Wigner tomographies, as discussed in Section IV.
The optimization results can be understood as a trade-
off between the approximate definition of the cavity Pauli
σy operator and the systematic operation errors for large
photon number states. As shown in Fig. S4, the expec-
tation value of Pauli σy operator for a single cavity (red
curve) and the Bell signal for the ideal 5-partite GHZ
state in the form of Eq. (4) in the main text (blue curve)
approach the theoretical upper bounds of 1 and 16, re-
spectively, as the amplitude of the coherent states in-
creases. On the other hand, the coherent states with
larger amplitude would suffer from faster deformation of
the states because of Kerr effects. As a result, in the
optimization based on the numerical simulation, we fi-
nally choose coherent states with medium amplitudes
(black dashed lines). Correspondingly, the Bell signal
〈B〉 = 12.29 (filled blue circle) is obtained based on the
simulated GHZ state without including the system deco-
herence in the GHZ state generation and the detection
imperfections in the subsequent Bell measurement (Sec-
tion II).
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FIG. S5: Qubit-state-dependent Wigner tomography.
(a) Measured single-cavity Wigner functions of the two cavi-
ties with Q3 being projected to the ground state |g〉. The par-
ity peak center of S1 is located at the center of Re(γ)-Im(γ)
plane as expected. The deformed Wigner function of S2 is
mainly caused by the self-Kerr effect. (b) Measured single-
cavity Wigner functions but with Q3 being projected to the
excited state |e〉. The parity peak of S2 is now located at
center and the rather weak self-Kerr effect of S1 causes small
deformation of S1’s Winger function. (c-d) Simulation re-
sults with Q3 being projected to |g〉 and |e〉, respectively. (e)
Experimental sequence for the state generation and Wigner
measurement, similar to Fig. 1(c) of the main text. We note
that since the rotation axis of the conditional qubit rotation
on Q1 is fixed as n, we omit the variation parameter θ.
IV. QUBIT-STATE-DEPENDENT WIGNER
FUNCTION
The experiment to measure the conditional single-
cavity Wigner function of the prepared GHZ state is
displayed in Fig. S5. The prepared state for both the
experiment and simulation is the same as the one used in
Fig. 2 of the main text. The experimental data of both
cavities conditioned on different Q3 states are shown in
Fig. S5(a-b), while the simulation results are shown in
Fig. S5(c-d). The simulation data are obtained by first
applying a projection operator on Q3 to the simulated
final state and then partially tracing the other subsys-
tems for Wigner function calculation. We take the peak
locations of S1’s Wigner function in Fig. S5(d) and S2’s
Wigner function in Fig. S5(c) for the parameters β1 and
β2 in our experiment, respectively.
The experimental sequence for the state generation
and Wigner measurement is shown in Fig. S5(e). This
6sequence is similar to Fig. 1(c) in the main text except
that there are no pre-rotations of the qubits when per-
forming the qubit measurements. The rotation axis of
the conditional qubit rotation on Q1 is fixed as n. We
implement the Wigner tomographies on the two cavities
simultaneously to save time since the two parity mea-
surements commute. We apply the method mentioned in
Section II B to obtain the final parity data.
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